Two years after InSight's arrival at Mars, the ExoMars 2020 mission will land on the opposite side of the red planet. Similarly to InSight, which carries the RISE (Rotation and Interior Structure Experiment) radio-science experiment, the ExoMars mission will have on board the Lander Radio-science (LaRa) experiment. The X-band transponders on RISE and LaRa, allowing for direct radio-link between the landers and stations on Earth, are dedicated to the investigation of Mars' deep interior through the precise measurement of the planet's rotation and orientation. The benefit of having LaRa after RISE for the determination of the Mars orientation and rotation parameters is demonstrated and the resulting improved constraints on the interior structure of Mars and, in particular, on its core are quantified via numerical simulations. In particular, we show that the amplitudes of the semi-annual prograde (p2) and the ter-annual retrograde (r3) nutations will be determined with a precision of 6 and 4 milliarcseconds respectively by combining 700 days of RISE data with 700 days of LaRa data, about 35% more precise than what is expected from RISE alone. The impact of such an improvement on the determination of the core size of Mars is discussed and shown to be significant.
Introduction
The NASA InSight stationary lander was launched in May 2018 and landed on Mars on November 26, 2018. InSight's payload consists of three main geophysical instruments including the radio-science experiment RISE (Folkner et al. [2018] ). ExoMars 2020 is an ESA-ROSCOSMOS joint mission that consists of a European rover and a Russian platform that will be sent to the surface of Mars. The latter will carry 13 instruments including the LaRa radio-science experiment ). The launch is scheduled for July 2020 and the arrival at Mars is expected in March 2021.
The LaRa and RISE instruments are both X-band (8.4 GHz) coherent transponders designed to determine Mars' Orientation and rotation Parameters (MOP) by analyzing the Doppler shift of the two-way radio signals between the lander on Mars and ground stations on Earth (e.g. Folkner et al. [1997] ). The targeted MOP are the variations of Mars' rotation rate or length-of-day (LOD) and the variations of the orientation of the rotation axis in space (precession and nutations) . In order to infer knowledge about the interior structure and in particular about the core, the landers will be tracked with high accuracy. In the past, similar radio-science experiments have been carried out during the Viking ) and Mars Pathfinder missions (Folkner et al. [1997] ) to study the rotation of Mars but they were not sufficiently accurate to deduce any meaningful constraints on the core parameters. Rovers and orbiters have later been used to determine the MOP from Doppler tracking (Kuchynka et al. [2014] , Konopliv et al. [2016] , Le Maistre [2013] ). Only Le Maistre [2013] and Le estimated the nutation amplitudes although the uncertainties remained too large to significantly constrain the interior structure of Mars.
In this paper we investigate the improvement on the determination of the Mars orientation and rotation parameters that can be achieved through the synergy between LaRa and RISE, onboard the ExoMars 2020 and the ongoing InSight missions [Folkner et al., 2018] . We perform numerical simulations to quantify the improvement on the MOP that will be achieved by combining RISE and LaRa data. This combined solution is compared to the solutions obtained by the individual experiments. For that, we use the GINS (Géodésie par Intégrations Numériques Simultanées) software developed by Centre d'Études Spatiales (CNES) and further adapted at Royal Observatory of Belgium for planetary geodesy applications.
In Section 2, we present the mission scenarios considered to perform our simulations which depend on the actual mission's operational parameters. In Section 3, we introduce the Martian rotation model used to simulate the Doppler data. In Section 4, the results of our simulations are showed and we discuss the expected constraints on the core in Section 5. Conclusions are presented in 6.
Simulations setup
The operational characteristics considered for each mission and used to create the simulated data are given in Table 1 . For both missions, the tracking is assumed to be performed from ground stations at Goldstone (USA), Madrid (Spain) and Canberra (Australia). These stations belong to the NASA Deep Space Network (DSN). Their locations in the inertial space are well known. On Mars, InSight-RISE is located at latitude 4.5 • N, longitude 135.62 • E, altitude -2.6 km in Elysium Planitia, coordinates which were estimated right after landing by Parker et al. [2019] . LaRa will be positioned at Oxia Planum (latitude 18.3 • N, longitude 335.37 • E, altitude -2 km), the ExoMars 2020 selected landing site on the other side of the planet opposite Elysium Planitia. For both experiments we consider 700 days of operations (more or less the nominal operation time), starting Nov. 27th, 2018 for RISE and March 19th, 2021 for LaRa. We generate synthetic data sets consisting of two-way X-band Doppler measurements that we have affected by a white noise of 0.05 mm/s at 60s integration time, which is typical for the Martian landed missions (e.g. ). Although Folkner et al. [2018] used a more realistic noise model, which takes into account the solar plasma and Earth troposphere, we show below that our simplified noise model predicts MOP uncertainties consistent with those obtained by Folkner et al. [2018] with the more realistic noise. Moreover, we removed data points acquired at Sun-Earth-Probe (SEP) angles smaller than 15 • as will be done in the true data analysis since at those angles interplanetary plasma strongly perturbs the radio signal. These blackout periods around solar conjunctions have a small impact on the estimated uncertainties of nutation amplitudes ).
The RISE and LaRa experiments have different antenna configurations. LaRa has one receiving (Rx) and two (for redundancy reason) transmitting (Tx) monopole antennas. They provide a maximal gain between 30 • and 55 • of Line-Of-Sight (LOS) elevation in every azimuth (Karki et al. [2019] ). LaRa's simulated Doppler data last 45 minutes 1 per session, with two sessions per week. Tracking is performed when Earth LOS is within a range of [35 • , 45 • ] of elevation above the local horizon of the lander. LaRa is tracked with a LOS to the Earth switching every session from East to West azimuth direction and reciprocally ). RISE has two medium-gain horn antennas able to receive and transmit the signal at the same time but only with one antenna at a time since one points eastward and the other one points westward. The antenna's maximum gain is at 30 • elevation above the lander, with an aperture of about 25 • off bore sight. RISE is nominally tracked each day for about an hour when the Earth is above 10 • of elevation (to avoid potential obstacles and ground effects on the signal at lower elevation), but still in the lower part of the antenna lobe, i.e. ≤ 30 • elevation, in order to get the best accuracy for estimation of the moment of inertia of the core (Folkner et al. [2018] ). Although nominal operation foresees alternate tracking between the antennas, InSight has only been tracked during the morning hours (Eastward antenna) of the first ∼200 days because of operational constraints (i.e. daily command uploading). This is taken into account in our simulations, which are divided in two scenarios of RISE operations: the first one, called 'optimal' hereafter, considers antennas pointing to 15.5 • south of due east and to 6 • north of due west as planned before landing (Folkner et al. [2018] ). In this scenario, tracking windows are alternately centred on these directions (except for the first 200 days). The second scenario, called 'nominal', takes into account the 5-degree-clockwise 2 azimuth offset of RISE antennas (Folkner pers. com.) , and enables RISE tracking only for azimuth within ±25 • from the actual antennas bore sight, preventing tracking outside the antennas aperture, and is therefore close to reality. These two specific aspects of the 'nominal' case preclude systematic east-west alternative tracking and reduce the total number of days of operation with respect to the 'optimal' case, degrading the experiment performances as shown below and further explained in Le . The tracking duration remains very close to 60 minutes at all times for the RISE optimal case and can drop by a few minutes for the nominal case mainly due to azimuth cutoff (see Fig. 4 ). Some variations of about 5 minutes occur for LaRa by construction of our simulated data set. With a 60-min track per day, RISE accumulates 5 to 7 times more data than LaRa over one Martian year, but the diversity in LaRa Doppler geometry appears to be more favorable for the determination of some parameters like the nutation parameters. We will show the impact of these antagonist effects on the estimation of the nutation parameters in the section 4 (see further details in Le ). 
RISE LaRa

Martian Rotation model
In order to build synthetic Doppler data we use the rotation model described in Le Maistre et al. [2012 . The rotation model is based on the pro-and retrograde nutation amplitudes of Mars assumed to behave as a rigid body [Roosbeek, 1999] (rescaled with the latest value of the precession constant). The latter are augmented with a model for the non-rigid planet with a fluid core. For the precession and spin angle variations, we follow Konopliv et al. [2016] and for the polar motion we use the model of Van Den Acker et al. [2002] . The parameters governing the rotation model are given in Table 2 .
In our simulations, we focus on the nutation parameters because they provide important constraints on the interior of Mars (e.g. Van Hoolst [2015] ). These parameters are the amplitudes of the prograde p m and retrograde r m nutation terms respectively and are called hereafter the "nutation parameters" (Defraigne et al. [1995] ). m = 1 corresponds to an annual Mars orbital period of 686.96 Earth days and the following m = 2, 3, 4... correspond to the fractions: semi-annual (343.5 days), ter-annual (229 days), the 4-annual (172 days), etc.
The nutation amplitudes depend on the interior structure and are particularly sensitive to the core and its physical state (liquid or solid). They can be significantly amplified when in near resonance with the Free Core Nutation (FCN) , one of the rotational normal modes of Mars (Dehant and Mathews [2015] ). The non-rigid nutations amplitudes can be expressed according to (Sasao et al. [1980] ):
where the terms between parentheses are the transfer functions that relate the nutation amplitudes of a rigid planet (p m , r m ) to those of a non-rigid one (p m , r m ). The core momentum F and the FCN frequency σ 0 in (1) are expressed as
with A, C are equatorial and polar principal moments of inertia, of Mars A f , C f are the principal moments of inertia of the fluid core, e is the dynamical flattening (e = C − A/A), e f is the dynamical flattening of the fluid core and Ω is the mean rotation rate. γ and β are compliances that characterize the core's capacity to deform through rotation rate variation and tidal forcing [Sasao et al., 1980] .
Following the method of Le Maistre et al. [2012 , we estimate the lander position coordinates (X,Y,Z), the precession rateψ 0 , the obliquity rateİ 0 , the annual and semi-annual LOD variations amplitudes and the annual, semi-annual and ter-annual nutation amplitudes. Other MOP reported in Table 2 are fixed because they have a very small signature in the Doppler observable (Yseboodt et al. [2017] ) or because they are considered as well-known 3 . Synthetic Doppler data are created using a model of polar motion (Van Den Acker et al. [2002] ) but those parameters are not estimated because the DTE Doppler data from equatorial landers are not sensitive to the polar motion (Yseboodt et al. [2017] ). However, the Chandler Wobble amplitude might be large enough to be detected by LaRa ) but this is neglected here since it does not inform on the interior.
Simulations results
Here, we discuss only the estimated uncertainties for the semi-annual prograde p 2 and the ter-annual retrograde r 3 nutation amplitudes. r 3 is expected to be most amplified by the presence of the liquid core since it likely is close to the FCN period of Mars . We also include p 2 because it has the largest amplitude (Dehant et al. [2000b] , Le Maistre et al. [2012] ) and even a small alteration of p 2 already makes for detectable signature in the Doppler shift. In the first subsection, we compare the sensitivities to the nutation amplitudes and the uncertainty level of their estimation for each mission alone. We assess the improvement of the nutation determination resulting from the combination of RISE and LaRa measurements in the second subsection.
Data sensitivity characterisation
Considering each mission separately, we estimate the expected precision on the semi-annual prograde p 2 and terannual retrograde r 3 nutation amplitudes as a function of the number of measurements points (see Fig. 5 ) and as a function of the mission duration (see Fig. 6 ). We consider the two cases described in Section 2 for RISE: nominal (max. 25 • off bore sight and 5 • azimuthal offset) and optimal (alternate east-west tracking after 200 days and unconstrained azimuth). The steeper slopes of the curves in Fig. 5 the nutation amplitudes with a precision equivalent to LaRa's estimate. This is mostly due to the fact that a same number of data points covers a larger time period for LaRa than for RISE. Nevertheless, after 700 days and taking into account the dependence in the number of data N, we always have the uncertainty for LaRa σ LaRa < N RISE /N LaRa σ RISE for the nominal RISE case. This results from the richer geometry of LaRa in terms of azimuth allowed by the toroidal patterns of LaRa's monopole antennas. As discussed in Section 2, LaRa covers a wider range of azimuth and using data acquired from various LOS azimuths (and therefore at various local times of observation) has a strong positive impact on the estimated nutation uncertainties (see details in Le ). In the same way, the difference between the sensitivity of RISE nominal and RISE optimal solutions comes from the richer geometry of the latter scenario mostly due to the alternate tracking between eastward and westward directions.
In Fig. 6 , we show that LaRa and RISE nominal separately provide quite similar precisions on the nutation estimate because the lower sensitivity of RISE is compensated by its higher number of measurement points. After 700 days of operation, p 2 and r 3 nutation amplitudes are estimated by LaRa alone with about 9 and 7 mas of uncertainty respectively, while RISE nominal alone would get p 2 with 7.5 mas uncertainty and r 3 with 6 mas uncertainty with 5 times more data points than LaRa. The RISE optimal scenario leads to uncertainties of about 6 and 3.5 mas for p 2 and r 3 respectively. It is finally interesting to mention that we could have chosen to estimate the nutation transfer function parameters instead of the nutation amplitudes. However, the nonlinear equations of the transfer function, whereas attractive because directly related to physical parameters and only dependent on two parameters F and T F CN , cannot be solved properly by an iterative least squares process when the FCN period is close to the forcing period (Le Maistre et al. [2012] ). This is the reason why we focus here on p 2 and r 3 that can be estimated with confidence with a least square method. 
Synergy
After discussing the expected precision on p 2 and r 3 for the two missions separately, we now show how the combination of the data from RISE and LaRa affects the precision on p 2 and r 3 . Two scenarios are envisaged: RISE optimal case plus LaRa and RISE nominal case plus LaRa. To study the effect of combining both data sets, we stack the normal equations of the two missions to solve for the MOP (global parameters) and coordinates (local parameters) of both landers. We use the GINS software to produce the normal matrices and the DYNAMO software (also from CNES) to invert them and obtain the parameters estimate.
The time evolution of the estimated uncertainties for the semi-annual prograde amplitude p 2 and the terannual retrograde amplitude r 3 are shown in Fig. 7 . The estimated values of the MOP solutions and associated uncertainties from our simulations are given in Tab. 3 as well as true errors (difference between the estimated value and the value to retrieve). These results are consistent with Le and considering the slightly different set of estimated parameters and different settings described in . After RISE tracking days (delineated by the grey vertical line), a precision of ∼ 7.5 mas and ∼ 6 mas for p 2 and r 3 respectively is obtained for the nominal case (in green). The combination with the LaRa tracking allows to further reduce the uncertainty on p 2 to 5.5 mas (i.e. 25%), while the uncertainty on r 3 is reduced by about 35% (i.e. up to 4 mas) after 1400 days. For the optimal RISE case (in black), the combination of RISE nominal with the LaRa tracking allows to determine p 2 with a precision of less than 5 mas and r 3 with about 2.5 mas uncertainty. The LaRa contribution will thus significantly help to recover from the adverse effect of off-pointing of the InSight antennas and the lack of variation in LOS azimuth direction of RISE. Especially in the more realistic nominal scenario, LaRa provides an important contribution for constraining the deep interior of Mars as discusses in the next section. 
Implication for Mars interior
Combining LaRa with RISE reduces the uncertainties in p 2 and r 3 by few mas with respect to RISE alone. We now discuss how those improved estimates affect inferences about the interior structure and in particular core size.
To address this point, we use a model of Mars' interior structure that agrees with its moments of inertia and global dissipation at the principal tidal period of Phobos to predict the nutations of the real Mars. Our visco-elastic hydrostatic model uses the EH45 mantle composition (Sanloup et al. [1999] ) and a hot mantle end-member temperature profile deduced from thermal evolution studies (Plesa et al. [2016] ). We assume a liquid convecting Fe-S core (Rivoldini et al. [2011] ). Figure 8 : Amplification of the p2 and r3 because of the liquid core as a function of core radius and link between the nutation uncertainty and core radius uncertainty. The elastic hydrostatic models with the EH45 Mars mantle mineralogy and a hot mantle end-member temperature profile are considered. A liquid convecting Fe-S core is assumed. The grey region illustrates the nominal case for an average core size r cmb = 1850 km. Fig. 8 shows the effect of the liquid core on the prograde semi-annual p 2 and the retrograde ter-annual r 3 nutation amplitudes as a function of core radius. The uncertainty on the core radius determination can be estimated from the expected uncertainties in p 2 and r 3 (Sec. 4.2). For instance, for an assumed core radius of 1850 km [Plesa et al., 2018] and the expected uncertainties for RISE nominal combined with LaRa of about 5.5 mas on p 2 and 4 mas on r 3 , the core radius can be determined with a precision of about 260 and 125 km (see Fig. 8 ). In Table  4 , we show the resulting uncertainties in r cmb for the two scenarios (nominal and optimal synergies) and for four different core radii r cmb (1450, 1600, 1850, 2000 km) . p 2 will allow confirming the liquid state of the core, but constraints on its size will be deduced mostly from r 3 because it is expected that the period of the FCN is closest to the period of the ter-annual nutation and therefore has the largest effect of the liquid core on r 3 . As a consequence, the resulting precision on the core radius, if determined from r 3 , depends on the FCN period of Mars, i.e. the closer the period of the FCN is to the period of r 3 , the more precisely the core radius can be estimated.
A more detailed analysis of core properties that can be determined from nutation observations requires considering additional Martian interior structures than considered here, such as different possible mantle mineralogies, and will increase the inferred uncertainties more than 10% (e.g. ). Also Mars' non-hydrostatic state modifies the nutations through its effect on the shape of the core-mantle boundary, and can lenghten the FCN, possibly bringing the FCN period closer to the r 3 nutation period , ), which would be beneficial for the precision on the core radius from r 3 , as illustrated by Table 4 . The level of uncertainty in r cmb is very sensitive to the nutation amplitude level of uncertainty. Therefore, LaRa alone will not improve significantly the results from RISE (see Fig. 7 ) but we can expect a more precise estimate
Uncertainties on the core radius r cmb (km) Synergy optimal case (km) Synergy nominal case (km) p 2 r 3 p 2 r 3 (5 mas) (2.5 mas) (5. 5 mas of r cmb with the data from both landers together. Additionally LaRa will provide an independent confirmation of the RISE results. Note if the core of Mars is not in hydrostatic equilibrium, the FCN could be shifted ) and the location of the resonance on Fig. 8 could therefore also change.
Conclusion
This paper demonstrates the benefit of having LaRa after RISE for the determination of the Mars orientation and rotation parameters. Our simulations show that LaRa will reduce the MOP estimates uncertainties with respect to the uncertainty level expected from RISE alone. By combining 700 nominal RISE tracking days with 700 LaRa tracking days, we will achieve a precision of 5.5 mas and 4 mas for the semi-annual prograde and the ter-annual retrograde nutations respectively. Although LaRa will operate 5 to 7 times less than RISE, LaRa has the advantage of its richer geometry which compensates the limited amount of data. The combination allows then to reduce the uncertainties on p 2 and r 3 by about 25% and 35% respectively. Finally, according to our simulations, combining the data provided by both instruments clearly improve the expected knowledge about the core. Even if RISE is a total success, the contribution of LaRa (even if small) in MOP determination can have a significant impact on the constraints inferred on the interior structure (e.g. core size). Additionally LaRa will provide an independent confirmation of the RISE results. The above expected uncertainties on p 2 and r 3 could lead to uncertainties of about 260 and 125 km on the core radius, assuming a core radius r cmb = 1850 km and could pinpoint r cmb with 10 km uncertainty if the FCN period is close to a forcing period (resonance).
